Laser propulsion offers the advantages c£ both high thrust and good specific impulse, Isp, in excess of 1000 s. Other advantages are the simplicity and reliability of the engine because of few moving parts, simpler propellant feed system, and high specific impulse. Major limitations of this approach are the laser power available, absorption and distortion of the pulsed laser beam through the atmosphere, and coupling laser power into thrust throughout the flight envelope. The objective of this paper is to assist efforts towards optimizing the performance of the laser engine. In order to accomplish this goal (1) defocusing of the primary optic was investigated using optical ray tracing and (2) Two methods for obtaining thrust using the RP concept from laser radiation have been considered.
The first involves rapid vaporization of a solid propellant with a first pulse followed by a second pulse, which forms plasma at the surface, and the formation of a laser supported detonation (LSD) wave. A second approach involves focusing the laser intensity into a gas near a solid surface in order to break down the gas and induce a detonation wave transferring momentum to the surface. Previous research has shown that ablation and pitting of the surfaces occur which can strongly reduce the efficiency of the laser absorption process. Raizer L' 13"15 When the intense laser radiation was focused next to a solid surface, impulse and momentum exchange was observed and quantified.
The inverse bremsstrahlung effect (IB) _2'_7 is the prime process assisting to achieve the very high plasma temperatures (10 4 to 10 5 K) necessary for laser engine operation and creation of high thrust. Initial ionization of the plasma takes place in the gas as a result c£ focusing the laser beam to higher laser intensities than the threshold value, which generates free electrons. When the plasma is ignited its unobstructed length _8
can be estimated by:
L is the initial length of the plasma, VtSD is the plasma detonation velocity, and tp is the laser pulse duration. In this plasma zone the laser beam energy is absorbed into the gas and L is proportional to the electron mean free path. The ionization process is faster and therefore shorter than a single laser pulse. During the remainder of the laser pulse free electrons are accelerated until the laser pulse ends. The gas temperature rises, the plasma length increases, which leads to expansion of the hot plasma region. After the laser pulse terminates, a blast wave front exists because of the high energy absorbed in the plasma, causing further ionization of the cold gas layers• Raizer _7 noted that the majority of the laser energy is already absorbed into the plasma rather than in the gas, because the plasma ignited about 9 ns after firing the laser whereas the laser pulse duration was 30 ns. Because L increases with temperature and time, the location where high-speed electrons come into contact with the cold gas front is eventually shifted away from the focal point. When the propagation distance of the plasma exceeds the outer boundaries of the cold gas in the nozzle cavity, the wave front simply evaporates into the vacuum outside the gas boundaries. The initial absorption wave or Laser Supported Detonation (LSD) wave velocity L"is:
1 "] 1//33 (2) where the maximum heat absorbed or energy release by the wave is:
and I is the laser intensity (W/m2), po is the initial gas density, and 7 is the ratio of specific heats. The conservation of mass and energy applied across the initial LSD wave can be combined to give: _7 vLD+ 2
where h is the enthalpy and 11 is the percentage of laser energy absorbed into the gas. 
By applying the method of characteristics combined with Raizer's equations, the blast wave expansion process can be described.
For the case when a flat surface or plate is placed at the focal point normal to the axis of the laser beam the maximum pressure on the surface of the plate is given by: 19 2),
The self-similar solutions for the set of differential equations for axisymmetric and isentropic conditions were analyzed by Sedov. 2°These solutions are used to determine flow and thermodynamic variables scaled to a reference point corresponding to a cylindrical blast wave when the blast wave has evolved into a cylindrical shape which corresponds to plasma ignition adjacent to a flat plate. The unpowered Sedov scaling law's used for the present set of conditions for pressure behind the blast wave and the radius of the wave are:
The reference conditions _9 PREF is PLSD, tREF is t2D 21 or the time for the blast wave to evolve into a completely cylindrical expansion, and rr_F corresponds to the radius of the wave when wave can be considered completely cylindrical, rLsD. Shortly after the laser pulse is completed, a rarefaction wave moves in from the edges of the blast wave front, according to the method of characteristics this wave travels at an average plasma velocity of CLSD VLS....._._D = _pp CLSD = 2
When this rarefaction fan first arrives at the centerline of the surface the blast wave geometry is considered to be 
where M is the gas molecular weight.
RE$1JLTS AND DISCUSSION
Desima Approaches Suggested by Specific Impulse Simmons and Pirri 6 derived an analytic expression for the specific impulse, Lp, of a repetitively pulsed laser ignited thruster. The payload mass can be maximized by maximizing the specific impulse:
where u* is the gas sonic injection velocity in the thrust cavity, E is the total laser energy deposited, D* is the nozzle throat diameter, to is the time between pulses, M is the propellant molecular weight, and t_ is the ignition time of the blast wave. As noted by this expression the payload mass fraction can be improved by (1) Pulsing the laser at a high rate preferably close to the same rate as the ignition time (i.e. < 1 lasec), (2) Increasing the total laser energy deposited, (3) Using low molecular weight propellants, (4) Injecting hot gas instead of a cold gas during the second stage since u* is higher, and (5) Injecting propellant through a small throat diameter. They also noted an important difference between this expression and that of a chemical rocket. The specific impulse for a pulsed laser system favors a low molecular weight propellant but not by as large a margin as in a chemical rocket where Isp _ 0k/I)|,'2.
Therefore, the possibility of using heavier propellants than in chemical systems opens the door for some revolutionary new opportunities.
Optical Ray Tracing: Effect of Off-Axis Defocusing of Primary Optic
One aspect in assessing the performance of the lightcraft pulsed laser engine involves studying the effects of defocusing the laser radiation caused by misalignment of the laser beam with respect to the (8) primary optic. These effects will affect flight stability and performance of the laser engine and are more likely to occur as the distance between the vehicle and the ground based laser increase because of the atmospheric effects on the laser radiation, s Fig. 7 . The intensity of the radiation is a factor of 4.5 less than the perfectly focused case and nearly constant along the ignition line. It is observed, however, that the ignition line is now curved rather than being straight• Figure 8 shows the effect of rotating the lightcraft 5 degrees about the y-axis. The peak intensity in the center, which corresponds to the top of the cowl in Fig. 3 , is reduced by a factor of 1.4 from the intensity level shown in Fig.  5 . Significant blurring is observed with a high intensity on the top of the cowl and a line of decreasing intensity moving in either direction• Figure 9 shows the effect of rotating the lightcrafl both 5 degrees about the x-axis and the y-axis. The intensity is blurred somewhat and is reduced in magnitude by a factor of 4.8. The spatial deviation of the focused laser intensity is observed to have a 0.5-in. variation in the y-axis and a well-defined ignition line is observed.
This effect is known as the caustic effect in ray tracing optics whereby the rays tend to pile up onto a local region on the image plane. This is a positive observation of this study, namely that a well-defined ignition line of focused laser radiation is observed even when the primary optic is defocused. This implies that laser ignition will still occur under defocusing conditions but since the laser intensity varies along the perimeter of the cowl, the local thermodynamic conditions will also vary along the perimeter.
This will induce multidimensional effects associated with the gas expansion process.
Blast Wave Calculations of the Expanding Plasma
An analysis and computation using MATHCAD and the NASA Glenn Chemical Equilibrium Code, CEA, 1999 were used to determine pressure and temperatures histories in the vicinity of the cowl. This analysis is described in detail in Refs. 19, 20, and 21 and the preceding section• In the calculation reported herein the following parameters were used in the model: y = 1.2, 9o = 1.2 kg/m 3, M = 28.97, Com_essibility factor Z = 2.1, Laser pulse duration = Ix10 sec, size of plasma at end of pulse [rrsD = 5 mm, focused laser intensity I = 5x1011 Watts/m 2. Prior to the beginning of the laser pulse the air was assumed to be at room temperature and pressure. The surface pressure history on the cowl in the region of the focused laser radiation is shown in Fig. 10 . The peak surface pressure builds up during the laser pulse to a peak pressure of about 250 atmospheres.
The pressure decays very rapidly at t 1 as the plasma expands, however, and reaches atmospheric pressure after 350 las or 250 nondimensional time units. The blast wave travels a distance of 7.9 cm when the blast wave has completely expanded.
In order to more accurately predict the initial state of the plasma and the temperature and composition of the gas, the NASA Glenn CEA code, 1999, was utilized. The maximum heat absorbed by the gas due to the laser flux is given by Eq.
(3) to be 58.7 MJ/kg. Initially the peak pressure directly behind the wave as predicted by Eq. (5)is 271.8 ATM.
Next, a T-P calculation using the NASA CEA 1999 code with a pressure of 271.8 ATM and an assigned temperature was completed for atmospheric air. The temperature and composition of the gas were determined by iteratively solving Eq. (4) with "q = 0.86 and the NASA CEA code. A temperature of 17,400 K and pressure of 271.8 ATM gave good agreement between the computed enthalpies (7.0×10' J/kg) using Eq. ('4) and the NASA CEA code assuming 86 percent of the laser energy is absorbed by the gas. The mole fractions of the highly ionized and dissociated gas as computed by the code are shown in table I. In order to model the temperature decay of the expanding plasma a simple thermodynamic model is used to predict the gas temperature using Eq. (10). For a compressibility factor of Z = 2.1, M = 28.97, and _' = 1.2 a temperature of 17,400 K is computed. Figure  11 shows the gas temperature decay (t) behind the
blast wave for a laser intensity of 5×10 W/m. Inmally the temperature in the vicinity of the focused laser beam reaches a maximum of 17,400 Kelvin. The tenaperature is observed to decay rapidly to about 1800 Kelvin in 10 t2D or 14 laS after the laser pulse. Figure  12 shows the radius of the cylindrically propagating LSD Wave from initiation of the wave at t2D of 1.41x104 seconds from a radius of 5 mm to a NASA/TM--2000-210240 5 American Institute of Aeronautics and Astronautics finalradius of 79mm at 3.5x10 -4 seconds at which pointin time the blastwavehasdissipated to one atmosphere of pressure. Figure13 showsthe blast wave velocity decayfrom initially 7100 m/s corresponding to a Machnumber of 20. The wave velocity is observed to decay rapidly at t-. Figure  14 shows the effect of ambient gas density or altitude on the peak gas pressure for the conditions described above for a laser intensity of5xl0 zt W/m 2. At an altitude of 20 km where the density of the air is 0.01 kg/m _ the peak surface pressure on the cowl has decreased from 250 ATM at sea level to 50 ATM at 20 kin.
Since the focused laser intensity is such an important parameter in generating thrust and heating of the gas, the effect of laser intensity on the peak surface pressure and the peak equilibrium gas temperature is shown in Figs. 15 and 16 . In Fig. 15 it is shown that the peak pressure can theoretically attain 10,000 ATM at 1×10 t_ W/m 2. Also, from Fig. 16 
